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Abstract 24 
In this study, a battery of biomarkers was utilised to evaluate the stress syndrome induced in the 25 
earthworm Eisenia andrei by exposure to environmentally realistic concentrations of 26 
benzo[a]pyrene (B[a]P) and 2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD) in OECD soil. The set 27 
of tests was then employed to assess the toxicity of field soils contaminated with organic xenobiotic 28 
compounds (such as PAHs, dioxins and PCBs). The results highlighted an impairment of immune 29 
and metabolic functions and genotoxic damage in worms exposed also to lower bioavailable 30 
concentrations of toxic chemicals. Multivariate analysis of biomarker data showed that all different 31 
contaminated soils had a detrimental effect on the earthworms. A separation between temporal and 32 
concentration factors was also evident for B[a]P and TCDD treatments; and field contaminated 33 
soils were further differentiated reflecting a diverse contamination. Multivariate analysis also 34 
demonstrated that lysosomal membrane stability can be considered a prognostic indicator for worm 35 
health status. 36 
 37 
Capsule: Biomarkers were employed in E. andrei in laboratory and field studies. Multivariate 38 
analysis ranked the stress syndrome in worms. Lysosomal stability is prognostic for health status. 39 
 40 
 41 
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1. Introduction 44 
Biomarkers are sensitive tools for detecting exposure and adverse effects of toxic chemicals both on 45 
aquatic and terrestrial organisms (Moore et al., 2004; Peakall, 1994; Scott-Fordsmand and Weeks, 46 
2000). The study of biological parameters at different level of functional complexity in diverse cells 47 
and tissues of the organisms and with different meaning (i.e. biomarkers of stress, exposure and 48 
genotoxicity) is useful to clarify the mechanisms of action of chemicals as well as to determine the 49 
level of pollutant-induced stress syndrome in animals exposed to environmental matrices, where a 50 
mixture of many different contaminants may be present (Asensio et al., 2013; Binelli et al., 2010; 51 
Cajaraville et al., 2000; Sforzini et al., 2011; Turja et al., 2014; van der Oost et al., 2003; Viarengo 52 
et al., 2007a, 2007b). However, this approach may result in an unclear correlation structure of the 53 
data; an aspect that could be more evident analyzing results obtained in field studies than from 54 
laboratory experiments, using known doses of a single substance. In addressing this problem, 55 
previous studies increasingly suggest that multivariate analysis techniques are a useful tool for 56 
interpreting multiple biomarker responses as they produce a two-dimensional pattern of the degree 57 
of similarity between different groups of data (Allen and Moore, 2004; Astley et al., 1999; Bernet et 58 
al., 2000; Brenner et al., 2014; Burgos et al., 2005; Galloway et al., 2004; Garmendia et al., 2011; 59 
Sanchez et al., 2007). The use of multivariate analyses to identify prognostic biomarkers, useful to 60 
provide better risk assessment at the early stages, is also of undoubted importance (Jenkins et al., 61 
2011; Moore et al., 2006; Ortiz et al., 2011). 62 
In the last decades, earthworms acquired a position of growing importance in terrestrial 63 
ecotoxicology. These animals have been shown to accumulate and respond to contaminants at 64 
various levels of complexity ranging from the whole animal to the most sensitive molecular/cellular 65 
changes (Caselli et al., 2006; Dimitrova et al., 2010; Hayashi et al., 2013; Santoyo et al., 2011; 66 
Sforzini et al., 2012; Spurgeon and Hopkin, 1999; Ville et al., 1995; Yang et al., 2012). 67 
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In this study, a battery of biomarkers was utilised to evaluate the alterations in the health status 68 
induced in the earthworm Eisenia andrei (Bouché, 1972) by exposure to environmentally relevant 69 
concentrations of benzo[a]pyrene (B[a]P) and 2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD) in 70 
OECD soil (OECD, 2004). These hazardous environmental chemicals, classified by the US EPA 71 
(Environmental Protection Agency) as priority pollutants, are among the frequently occurring soils 72 
contaminants (Martínez et al., 2006; USEPA, 2009; Wang et al., 2007). Stress responses at the 73 
various levels of biological organisation (including lysosomal membrane stability, lipofuscin and 74 
neutral lipid accumulation and tissue damage) were measured; the genotoxic effects caused by these 75 
substances on worms, in terms of both DNA and chromosomal damage, have previously been 76 
demonstrated (Sforzini et al., 2012). To verify the robustness of the selected multi-biomarkers in E. 77 
andrei to be used for the assessment of polluted natural soils, the set of tests was then applied in a 78 
field study conducted to evaluate the potential toxicity of soils contaminated by organic xenobiotic 79 
compounds (such as PAHs, dioxins, PCBs), as a consequence of different anthropogenic activities. 80 
Multiple biomarker responses in worms exposed to different chemical treatments and field 81 
contaminated soils were analysed by multivariate statistics in order to identify any discernable 82 
similarities or dissimilarities in multidimensional biomarker response patterns. 83 
An overarching objective was the use of predictive models of lysosomal and other biomarker 84 
reactions as both diagnostic and prognostic biomarkers for health status in the earthworms. For this 85 
purpose, multivariate analysis has been previously used to develop statistical models to study the 86 
role of lysosomal functions and responses to environmental variables, particularly chemical 87 
pollutants (Allen & Moore, 2004; Moore et al., 2006). 88 
 89 
2. Materials and methods 90 
2.1. Chemicals 91 
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All chemicals were of analytical grade and purchased from Sigma-Aldrich Co. (St. Louis, MO, 92 
USA), unless otherwise indicated. 93 
 94 
2.2. Animals 95 
Earthworms were cultured essentially as described in the OECD guideline (OECD, 2004). 96 
Organisms were selected from a synchronised culture with an homogeneous age structure. Adult 97 
worms with clitellum of similar size and weight (of 400 to 500 mg) were utilised in the 98 
experiments. 99 
 100 
2.3. Artificial soil test 101 
The artificial soil tests were performed as described in the OECD guideline for the testing of 102 
chemicals (OECD, 2004). The tests were performed under controlled conditions for a period of 10 103 
and 28 d. The selected B[a]P and TCDD concentrations were i) beginning with the lowest, the 104 
Italian law limit for residential areas, ii) for industrial areas, iii) five (B[a]P) and twenty (TCDD) 105 
times higher than the latter (for details see Sforzini et al., 2012). Vitality and reproduction were 106 
assessed at the end of the experiments. 107 
 108 
2.4. Field soils 109 
Five soils contaminated by organic xenobiotic compounds (i.e. PAHs, dioxins and PCBs) were 110 
collected from different areas in the Campania region (Italy): Site 1 (4536773/446660) is located 111 
close to the site of construction of an incinerator; Sites 2 and 3 (4538083/442802 and 112 
4531906/424656, respectively) are industrial areas; Sites 4 and 5 (4540699/443848 and 113 
4535670/440538, respectively) are areas subjected to uncontrolled waste fires. The chemical 114 
analysis of these samples were performed by ISPRA (…) and are a part of a larger study 115 
published by Italian Ministry of the Environment (ISPRA, 2012). As shown in Table 1, the 116 
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concentrations of the chemicals in the soils, in only a few cases, were higher than the limits for 117 
residential areas set by Italian law, but always lower than the limits for industrial areas (ISPRA, 118 
2012). A control field soil was collected from a site with no detectable soil contamination 119 
(Reference site - 4569424/470553). Particle-size distribution, organic matter content and pH of soils 120 
from the different Sites were homogeneous (ISPRA, 2012). 121 
Soil samples were collected from the top 0-5 cm layer at each site after removal of surface 122 
vegetation and litter. Each of these samples represented a composite of five subsamples from the 123 
center and four corners of a square sampling grid. Soil subsamples at each location were 124 
homogenized and transferred to clean containers. Soils were dried, sieved through a 2 mm mesh, 125 
moistened with deionized water and then, for each soil replicate, ten worms were kept in 500 g of 126 
soil placed in glass test containers. At least five replicates per soil were used. The test containers 127 
were maintained in a climatized chamber with a temperature of 20 ± 1 °C. The test was performed 128 
under controlled light-dark cycles (16 h light, 8 h dark) with illumination of 800 lx and for a period 129 
of 10 days. Vitality was assessed at the end of the incubation. 130 
 131 
2.5. Biomarker tests 132 
A battery of biomarkers was used to evaluate the harmful effects induced in worms by increasing 133 
concentrations of B[a]P, TCDD and field contaminated soils. 134 
Coelomocytes used for the determination of lysosomal membrane stability (LMS) and MNi 135 
frequency were obtained by a non-invasive extrusion method i.e. ethanol extraction (Eyambe 136 
et al., 1991; Fugère et al., 1996; Sforzini et al., 2012). Briefly, earthworms were rinsed in saline 137 
(0.85 mg/ml NaCl at 4 °C) and the posterior portion was massaged to expel the gut contents of 138 
the terminal part of the intestine. Then, animals were placed in 4 ml of cold extrusion medium 139 
containing 5% ethanol, 2.5 mg/ml EDTA, 10 mg/ml of the mucolytic agent guaiacol glycerol 140 
ether (pH 7.3). After 3 min, the earthworms were removed and 2 ml of Hanks’ balanced salt 141 
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solution (HBSS) (Sigma product H6648) were added. The cell suspension was centrifuged at 142 
150 × g at 4 °C for 2 min to remove mucus, and then for 10 min to recover the cells. 143 
Chloragogenous tissue was used for the determination of LMS, lipofuscin and neutral lipid 144 
lysosomal content and lysosomal/cytoplasm volume ratio. At the end of the incubation, worms 145 
were washed and then kept on clean moist filter paper for 24 h to allow them to void their gut 146 
contents Pieces of five earthworms (4-5 mm length, posterior to the clitellum), were placed on 147 
an aluminium cryostat chuck and chilled in hexane at -70 °C as described previously (Sforzini 148 
et al., 2014). 149 
LMS of amoeboid coelomocytes was evaluated by the neutral red retention time (NRRT) assay by 150 
fluorescence microscopy (Sforzini et al., 2011). 151 
The determination of LMS in the cells of chloragogenous tissue was performed on cryostat tissue 152 
sections following essentially the method described by Moore (1988). This cytochemical assay is 153 
based on acid labilization characteristics of latent hydrolase β-N-acetylhexosaminidase (NAH) 154 
using naphthol AS-BI-N-acetyl-β-D glucosaminide as a substrate for NAH. 155 
Lipofuscin and neutral lipid lysosomal content in the cells of the chloragogenous tissue as well as 156 
the lysosomal/cytoplasmic volume ratio (L/C) of this tissue were evaluated as described by Sforzini 157 
et al. (2011). 158 
The micronucleus test in coelomocytes of worms exposed to field soils was performed following 159 
the methods described in Sforzini et al. (2012). 160 
 161 
2.6. Univariate statistical analysis 162 
At least five replicates per control and per treatment were analyzed. For the biomarker data 163 
obtained in coelomocytes, each replicate consists of cells from two earthworms pooled 164 
together; the two animals were collected from a separate replicate of soil, consisting of 10 165 
earthworms incubated in 500 g of soil. For the biomarker data obtained in chloragogenous 166 
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tissue (cryostat sections), pieces of five earthworms, each one collected from a separate 167 
replicate soil, were analysed. 168 
The non-parametric Mann-Whitney U-test was used to compare the data from treated earthworms 169 
with those of the controls ones. 170 
 171 
2.7. Multivariate analysis 172 
Biomarker data for earthworms exposed to B[a]P, dioxin and field soils from Campania Region 173 
were analysed using non-parametric multivariate analysis software, PRIMER v 6 (PRIMER-E Ltd., 174 
Plymouth, UK; Clarke, 1999). All data were log transformed [logn(1+x)] and standardised to the 175 
same scale. Principal component analysis (PCA), hierarchical cluster analysis and non-metric multi-176 
dimensional scaling analysis (MDS), derived from Euclidean distance similarity matrices were used 177 
to visualise dissimilarities between sample groups. The results were further tested for significance 178 
using analysis of similarity (PRIMER v6 - ANOSIM), which is analogous to a univariate ANOVA 179 
and reflects on differences between treatment groups in contrast to differences among replicates 180 
within samples (the R statistic). Under the null hypothesis H0 (“no difference between samples”), R 181 
= 0 and this was tested by a non-parametric permutations approach; there should be little or no 182 
effect on the average R value if the labels identifying which replicates belong to which samples are 183 
randomly rearranged. 184 
The PRIMER v6 - BIO-ENV routine (Spearman’s Rank Correlations, Rho) linking multivariate 185 
biomarker response patterns was used to identify “influential biomarkers” - small subsets of 186 
biomarkers capturing the full MDS biomarker response pattern. 187 
Finally, in order to map integrated biomarker data onto “health status space” by using LMS; first 188 
principal components (PC1) for the biomarker data were derived using PRIMER v6 and then 189 
plotted against the LMS (as a measure of cellular well-being) values for each treatment/field sample 190 
(Allen and Moore, 2004; Moore et al., 2006). 191 
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 192 
3. Results 193 
3.1. Biomarker responses 194 
The assessment of the different biomarker responses in worms exposed for 10 and 28 d to 195 
increasing concentrations of B[a]P and TCDD in OECD soil demonstrated significant changes in 196 
treated worms (Fig. 1); at the concentrations used no effect on vitality and reproduction rate was 197 
found (data not shown). 198 
LMS in coelomocytes of worms exposed for 10 d to both B[a]P and TCDD showed a significant 199 
decrease with respect to controls at the two higher concentrations; in particular, very strong effects 200 
were observed at 10 ppm B[a]P (-91% with respect to controls) and 0.1 and 2 ppb TCDD (-81% 201 
and -99% with respect to controls respectively) (Fig. 1A, B). In animals exposed for 28 d, 202 
significant changes were observed at all the concentrations of the two chemicals, with maximal 203 
effect at the highest one, i.e. 50 ppm B[a]P and 2 ppb TCDD (-70% and -88% with respect to 204 
controls respectively) (Fig. 1A, B). 205 
The lysosomal responses in the cells of the chloragogenous tissue, in term of lipofuscin and neutral 206 
lipid accumulations, highlighted relevant variations in worms exposed for 28 d to the higher 207 
chemical concentrations (Fig. 1C, D and Fig. 1E, F respectively). In particular, a significant 208 
increase in lipofuscin content was observed in worm exposed to 0.1 ppb TCDD (+78% with respect 209 
to controls); the results of neutral lipid lysosomal content indicated a significant increase at 10 ppm 210 
and 50 ppm B[a]P (+53% and +36% with respect to controls respectively), with maximal effect at 211 
the highest dioxin concentration (+114% with respect to controls). 212 
B[a]P and TCDD also caused an increase in the L/C (Fig. 1G, H). In particular, significant changes 213 
were observed in worms exposed for 10 d to 10 ppm and 50 ppm B[a]P and to all the dioxin 214 
concentrations; the alteration being particularly relevant at 0.1 and 2 ppb TCDD (+44% and +45% 215 
with respect to controls). After 28 d, the values measured were significant at all the doses of both 216 
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chemicals, with greater effects in animals exposed to 10 and 50 ppm B[a]P (+52% and +64% with 217 
respect to controls). 218 
The results of biomarkers in worms exposed for 10 d to field soils collected in Campania, 219 
highlighted significant alterations at the contaminated sites (Sites 1-5) with respect to reference site 220 
(Fig. 2), without resulting in mortality (data not shown). It is important to point out that animals 221 
exposed to the  reference site soil did not show changes with respect to laboratory controls (data not 222 
shown). 223 
The results of LMS in the cells of the chloragogenous tissue indicated a significant reduction in 224 
worms exposed to soils collected from all the contaminated sites (Site 1-5), with maximal effect at 225 
Site 3 (Fig. 2A). 226 
In the cells of the same tissue, significant changes were observed also in the other lysosomal 227 
biomarkers. In particular, the results of lysosomal accumulation of lipofuscin highlighted a 228 
significant increase in lipofuscin content in worms exposed to Sites 2, 4 and 5, with greater effect at 229 
Site 2 (+173% with respect to the Reference Site); ). Iin animals exposed to Site 1, the value was 230 
significantly lower with respect to the Reference site (-78%) (Fig. 2B). Lysosomal accumulation of 231 
neutral lipids showed significant changes only in worms exposed to Sites 2-3, with a slight increase 232 
at Site 3 (+23%) and a marked reduction at Site 2 (-66%) with respect to the Reference site (Fig. 233 
2C). 234 
L/C in the chloragogenous tissue showed a significant increase in worms exposed to soils from all 235 
the contaminated sites (Sites 1-5); the effect was greater at Sites 3 and 4 (+44% and +45% with 236 
respect to Reference site respectively) (Fig. 2D). 237 
The results of MN test in coelomocytes of worms exposed to soils from Sites 1-5 showed a 238 
significant increase of chromosomal damage with respect to the Reference site; the MNi frequency 239 
was higher at Sites 2 and 4 (7.5 ‰) (Fig. 2E). 240 
 241 
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3.2. Multivariate analysis of biomarker responses 242 
Principal component analysis (PCA), multi-dimensional scaling (MDS) and hierarchical cluster 243 
analysis of the biomarker responses in worms exposed to B[a]P and TCDD (in addition to the 244 
results shown in this investigation, the data of for DNA damage and micronuclei induction obtained 245 
in a previous study -Sforzini et al., 2012), showed that both chemicals had a detrimental effect on 246 
the earthworms. This effect is indicated by the (delete): there is a clear separation between the 247 
clusters of for the control groups and the treatment groups. Due to the biological meaning of 248 
these biomarkers of stress, the results could be interpreted as detrimental effects of both 249 
chemicals on the earthworms (Fig. 3). Analysis of similarity shows that these clusters are 250 
significantly different (ANOSIM, R Statistic: B[a]P R = 0.876, P < 0.001; dioxin R = 0.772, P < 251 
0.001). The PCA analysis was also suitable to highlighted a separation between control worms 252 
and animals those exposed to the lower chemical concentration. In particular, at 0.1 ppm 253 
B[a]P after 28 d, the different distribution of the data seems to be due mainly to LMS and L/C 254 
ratio. In dioxin exposed animals (lower dose after 28 d) the main contributions (separation 255 
factors) seems to be MNi frequency and L/C ratio with a contribution of LMS. 256 
Multivariate analysis of the biomarker reactions from field soil samples collected in Campania also 257 
showed clear differences between the reference and contaminated samples (ANOSIM, R = 0.815, P 258 
< 0.001). Sites 1 and 5 (primarily PAHs) were clustered together and Site 2 (primarily dioxins and 259 
furans) was clearly distinct from all the other samples (Fig. 3); from this figure and the data 260 
reported in Fig. 2, it is evident that the separation of Site 2 is mainly due to the huge large 261 
difference in LF (positive) and LN (negative) from all the other treatments. 262 
Multiple regression analysis of the biomarker data indicated that some of the biological parameters 263 
are correlated (Fig. 4), although there is no consistent pattern of correlations across the various 264 
treatments. However, the BIO-ENV routine indicated that the lysosomal parameters were influential 265 
biomarkers in all three exposure studies. Combinations of lysosomal biomarkers showing 266 
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significant capture of the full MDS pattern are shown in Table 2. Experimental exposure of worms 267 
to B[a]P and TCDD as well as to Campania soil samples resulted in LMS + lipofuscin (LF) + L/C 268 
emerging as the strongest combinations of lysosomal biomarkers (Table 2). 269 
By plotting LMS against the first principal component (PC1) of selected biomarker data (Fig. 5), we 270 
effectively integrate the multi-biomarker results and the graph reflects the gradient of toxicity 271 
between the samples. PC1 is a measure of the contaminant gradient with the left-hand side being the 272 
most impacted and the right-hand side the least affected (Fig. 5). The correlation between LMS and 273 
PC1 is highly significant for B[a]P and TCDD treatments. In the Campania data, the correlation is 274 
also significant, but it is not as strong as in the experimental treatments in spiked soil (Fig.5). 275 
 276 
4. Discussion 277 
Hydrophobic organic compounds, such as polycyclic aromatic hydrocarbons (PAHs), dioxins and 278 
furans (PCDD/Fs), and polychlorinated biphenyls (PCBs), are common contaminants in soils. 279 
These toxic and genotoxic chemicals, which are generally strongly bound to soil particles, tend to 280 
persist in the soil and can bioaccumulate, increasing the potential hazard for the ecosystem 281 
(Baderna et al., 2013; Valentín et al., 2013). 282 
In a previous study, we have demonstrated that the exposure of the earthworm E. andrei for 10 and 283 
28 d to sublethal concentrations of B[a]P and TCDD has resulted in genotoxic effects (Sforzini et 284 
al., 2012). In particular, even the lowest doses of the two chemicals utilised (representing the limit 285 
for residential and industrial areas set by Italian low) induced in treated animals both DNA and 286 
chromosomal damage. To further investigate the adverse effects caused by these chemicals on 287 
worm health status, in this study the responses of well-established biomarkers of stress, namely 288 
lysosomal membrane stability (LMS), the lysosomal lipofuscin content, the neutral lipid 289 
accumulation in lysosomes (cell-level biomarkers); and the lysosomal/cytoplasmic volume ratio 290 
(L/C, biomarker of tissue damage), were evaluated. 291 
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In B[a]P and TCDD-exposed worms, amoeboid coelomocytes (immunocompetent cells circulating 292 
in the coelomic fluid - Adamowicz, 2005; Cooper and Roch, 2003), showed a significant reduction 293 
of LMS; the effect was evident at all the different concentrations and at the shorter exposure time. It 294 
is interesting that at the medium concentration used for B[a]P and TCDD (10 ppm and 0.1 295 
ppb, respectively), the strongest effect was observed after 10 d of exposure with a partial 296 
recovery at 28 d. This effect is of difficult to interpretation.; among tThe possible 297 
explanations, there areinclude the biological responses of the animals, also related to the 298 
turnover time of the coelomic cells in this organismspecies of worm. This type of subcellular 299 
pathological reaction represents an extremely sensitive general index of cellular condition, able to 300 
reveal the early adverse effects of pollutants in different animal models (Moore et al., 2012). The 301 
neutral red retention time (NRRT) assay has been successfully applied for the in vivo evaluation of 302 
LMS in fish hepatocytes, in the blood cells of a wide range of marine and freshwater invertebrates 303 
as well in earthworms coelomocytes (Binelli et al., 2009; Camus et al., 2000; Canesi et al., 2006; 304 
Guidi et al., 2010; Hauton et al., 1998; Lowe and Pipe, 1994; Moore et al., 2009; Sforzini et al., 305 
2011; Weeks and Svendsen, 1996; Winzer et al., 2002). 306 
Chloragogenous tissue surrounding the intestine, where most of the key metabolic processes occur 307 
(Prentø, 1987), also presented significant changes in treated animals. In particular, a significant 308 
lysosomal accumulation of lipofuscin (end-products of membrane lipid peroxidation - Terman and 309 
Brunk, 2004; Viarengo and Nott, 1993) and of neutral lipids (due to unbalanced fatty acid 310 
metabolism - Lüllman-Rauch, 1979) was induced in the chloragocytes of worms exposed for 28 d 311 
only to some concentrations. B[a]P and TCDD are known to provoke an increase of the cellular 312 
levels of reactive oxygen species (ROS) (Gelboin, 1980; Lin et al., 2007); and there is evidence that 313 
these chemicals can have an impact on lipid metabolism (Irigaray et al., 2006; Schiller et al., 1985). 314 
However, we need to consider that in the cells of the chloragogenous tissue of E. andrei exposed to 315 
different kinds of pollutants, accumulation of lipofuscin and neutral lipid accumulation in 316 
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lysosomes typically shows a bell-shaped trend (Gastaldi et al., 2007; Sforzini et al., 2011). This 317 
could can be partly explained by an enhanced rate of elimination of lipofuscin/neutral lipid-rich 318 
residual bodies into the coelomic fluid as well as by an augmented rate of turnover of 319 
chloragocytes, since several studies showed that chloragocyte depletion may occur in worms as a 320 
way of eliminating toxic chemicals (Cancio et al., 1995; Fischer and Molnár, 1992). Furthermore, 321 
when we also consider the results of the L/C, a biomarker reflecting the level of cellular autophagy 322 
(Lowe et al., 1981), there is a clear indication that an impairment of the physiology of the whole 323 
tissue was already occurring after 10 d at the lower doses of both chemicals. 324 
Overall, the results obtained showed that environmentally realistic concentrations of B[a]P and 325 
TCDD in OECD soils, without affecting vitality and reproduction of earthworms, provoked 326 
significant alterations in the physiological status of the organisms. Relevant changes at cellular and 327 
tissue levels were observed in animals exposed, for only 10 d, to lower contaminant chemical 328 
concentrations. 329 
To verify the robustness of the selected multi-biomarkers in E. andrei to be used for the assessment 330 
of polluted natural soils, the set of tests was then applied in a field study conducted to evaluate the 331 
potential toxicity of five soils contaminated by organic xenobiotic compounds (such as PAHs, 332 
dioxins, PCBs), as a consequence of different anthropogenic activities. Chemical analysis revealed 333 
that the concentrations of chemicals in soils were, in only a few cases, higher that the Italian law 334 
limits for residential areas. 335 
Worms incubated for 10 d in the different contaminated soils showed sublethal stress and genotoxic 336 
effects. A significant decrease in LMS in the cells of the chloragogenous tissue (based on acid 337 
labilization characteristics of the latent hydrolase β-N-acetylhexosaminidase - Moore, 1988; 338 
Peeters-Joris, 2000) was observed at all sites; the alteration was particularly relevant in Site 3 339 
(contaminated primarily with PCBs). Initial studies on the toxic effects of contaminants on 340 
lysosomes were originally carried out to determine LMS by using histochemical procedures applied 341 
15 
 
on frozen tissue sections of fish liver or mussel hepatopancreas (Köhler, 1991; Moore, 1976, 1990). 342 
This methodology is currently used by many researchers in the laboratory as well as in field studies 343 
(Banni et al., 2014; Broeg et al., 1999; Domouhtsidou and Dimitriadis, 2001; Franzellitti et al., 344 
2012; Köhler et al., 2002; Roméo et al., 2000; Shaw et al., 2011; Viarengo et al., 1987). Once the 345 
tissues are frozen, it is possible to preserve them until the analysis, an aspect that could be important 346 
when large-scale biomonitoring studies are performed. 347 
PCDD in field soils (Sites 2, 4) at concentrations similar to those spiked in OECD soil induced 348 
(differently from that observed in dioxin treatments) a significant increase of lipofuscin content; a 349 
minimal, although significant, change was observed also in worms exposed to Site 5 (primarily 350 
contaminated with PAHs). The results of lysosomal accumulation of neutral lipids indicated a 351 
significant increase in neutral lipid content in Site 3 (primarily with PCBs). 352 
The bioavailable contaminants present in the polluted soils also induced in the chloragogenous 353 
tissue a significant increase of L/C; the higher tissue alteration being detected Sites 3 and 4 354 
(primarily contaminated with PCBs and PCDD-PCDF, respectively). 355 
Finally, all contaminated soils resulted genotoxic, as indicated by the MN test showing a significant 356 
increase in MNi frequency in coelomocytes of exposed worms. The MN test has emerged as an 357 
alternative approach to the classical techniques for assessing cytogenetic damage (Schmid, 1975). 358 
The test procedure is technically easier and faster than the analysis of chromosomal aberrations 359 
during metaphase. The MN test has been widely applied in human and other mammalian cell types, 360 
amphibians, fish and molluscs (Bolognesi and Hayashi, 2011; Fenech, 2000); and recently this 361 
method has also been developed on E. andrei coelomocytes (Sforzini et al., 2012). 362 
Taken together, the results obtained in the field study confirm that LMS and L/C as well as MNi 363 
frequency are sensitive biomarkers able to highlight the stress syndrome induced in worms by 364 
exposure to bioavailable chemicals present in soils. The evaluation of lipofuscin and neutral lipid 365 
lysosomal accumulation (biomarkers widely used in monitoring studies, easy to perform and not 366 
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expensive) is important in order to highlight additional relevant adverse effects on animal health. 367 
However, these parameters in worms have to be used together with LMS and L/C ratio (showing a 368 
clear response profile over a stress gradient) to avoid a possible misinterpretation when negative 369 
results are obtained. 370 
Procedures capable of integrating and interpreting the biomarker responses within synthetic stress 371 
indices have been developed (Beliaeff and Burgeot, 2002; Dagnino et al., 2007; Moore et al., 2004; 372 
Narbonne et al., 1999; Sforzini et al., 2011; Viarengo et al., 2000). An addition useful tool for 373 
interpreting multiple biomarker responses is multivariate statistics as they produce a two-374 
dimensional pattern of the degree of similarity between different groups of data (Allen and Moore, 375 
2004; Astley et al., 1999; Bernet et al., 2000; Brenner et al., 2014; Burgos et al., 2005; Galloway et 376 
al., 2004; Garmendia et al., 2011; Sanchez et al., 2007). 377 
Multivariate analysis indicated that the battery of biomarkers deployed in this study (lysosomal 378 
reactions and indicators of genotoxic damage) can effectively discriminate between experimental 379 
treatments of earthworms exposed to B[a]P,  and dioxin spiked in OECD soil and various types of 380 
polluted contaminated field soils (i.e. Campania samples). In particular, multivariate analysis of 381 
biomarker data showed that all of the different contaminated soils had a detrimental effect on the 382 
earthworms; control animals being clearly separated from the treated ones. Among these latter, 383 
worms exposed for 28 d to the highest B[a]P and TCDD concentration as well to soil from Site 2 384 
(primarily dioxins and furans) were the most distant from the controls, these animals showing 385 
greater biological effects. 386 
A separation between temporal and concentration factors were also evident for B[a]P and TCDD 387 
treatments; while, as for the Campania samples, Sites 1 and 5 (primarily PAHs) were clustered 388 
together and Site 2 (primarily dioxins and furans) was clearly distinct from all the other samples. 389 
Many pollutants may exert toxicity and genotoxicity directly, as well as through oxidative stress. 390 
The resulting (oxidative) damage to membranes, proteins and DNA contribute to decreased protein 391 
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synthesis, cell injury and physiological dysfunction (Kirchin et al., 1992; Lowe et al., 2006; Moore 392 
et al., 2006;Viarengo, 1989). LMS in blue mussels is directly correlated with total oxyradical 393 
scavenging capacity (TOSC), polyribosome formation (translational efficiency in initiation of 394 
protein synthesis); and inversely proportional to DNA damage (micronuclei formation), lipofuscin 395 
(age/stress pigment, ceroid lipofuscin) formation, lysosomal swelling and autophagic accumulation 396 
of lipid (Dailianis et al., 2003; Kalpaxis et al., 2004; Krishnakumar et al., 1994; Moore et al., 2006; 397 
Regoli, 2000). 398 
In this study, multiple regression analysis of the biomarker data indicated that in all three exposure 399 
studies LMS is significantly correlated to L/C, and both these lysosomal parameters to MNi 400 
induction. 401 
Although lipofuscin content showed no consistent pattern of correlations across the various 402 
treatments, the BIO-ENV routine indicated that experimental exposure of worms to B[a]P and 403 
TCDD as well as to Campania soil samples resulted in LMS + lipofuscin (LF) + L/C emerging as 404 
the most effective combination of lysosomal biomarkers (Table 2). 405 
The recent developments in many research fields are leading to the discovery of prognostic 406 
biomarkers that could be suitable as risk indicator of pathologies (Berghella et al., 2014; Jenkins et 407 
al., 2011; Moore et al., 2006; Ortiz et al., 2011). Many biomarkers probably only exhibit a response 408 
in a part of the “health status space” (Allen and Moore, 2004; Depledge et al., 1993; Moore et al., 409 
2006); where they will indicate that a reaction has taken place and may even indicate health status 410 
within a narrow range, or what has induced the response, but they do not generally indicate the 411 
health status of the whole range from healthy to irreversible damage (Köhler et al., 2002). In terms 412 
of environmental prognostics, the first stage is to relate biomarker responses to health status of 413 
individual organisms by mapping the said responses against an integrated “health status” indicator 414 
(Allen and Moore, 2004; Köhler et al., 2002; Moore et al., 2004, 2006). 415 
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Lysosomes have attracted a great interest in the field of ecotoxicology as they are the target of a 416 
wide range of contaminants (Allison and Mallucci, 1964; Moore et al., 2009; Sforzini et al., 2014; 417 
Viarengo et al., 1985, 2007b) and they are present in all nucleated cells. Lysosomes contain 418 
numerous hydrolytic enzymes involved in diverse cellular processes including the degradation of 419 
cellular and extracellular macromolecules (Moore, 1976; Pipe, 1993). The evidence is steadily 420 
accumulating that LMS is a generic indicator of cellular health in eukaryotic cells, as is indicated by 421 
studies with protozoans, coelenterates, annelids, crustaceans, molluscs, fish and mammals (Lin et 422 
al., 2010; Moore et al., 2012; Sohaebuddin and Tang, 2013). This parameter is now considered a 423 
highly sensitive biomarker that allows to follow the evolution of the stress syndrome from its early 424 
phase to the development of pathological conditions (Moore, 1988; Moore et al., 2004). LMS has 425 
been used in the liver cells of the flatfish flounder (Platichthys flesus) to predict the degree of liver 426 
degeneration (from cell injury through to hepatocellular carcinoma) as a result of PAH and 427 
organochlorine exposure (Köhler et al., 2002); and lysosomal integrity in hepatopancreatic digestive 428 
cells of mussels is directly related to scope for growth; and also, in the digestive cells of oysters 429 
(Crassostrea virginica) to larval viability (Allen and Moore, 2004; Ringwood et al., 2004). 430 
A useful method of integrating biomarker data into a “health status space” involves the use of 431 
Principal Components Analysis (PCA) to reduce the dimensionality of the problem to a simple two 432 
dimensional representation (Allen and Moore, 2004; Chatfield and Collins, 1980). PCA is 433 
commonly used as a cluster analysis tool and is designed to capture the variance in a dataset in 434 
terms of principle components. Hence, by plotting the first principal component (PC1) of the 435 
selected biomarker data against LMS, as an indicator of the gradient from health to pathology and 436 
disease, we effectively integrated the multi-biomarker data and the graph reflects the gradient of 437 
toxicity among the samples. These results clearly showed indicate that LMS is prognostic of for 438 
the health status of the earthworms treated with benzo(a)pyrene and TCDD; and also in 439 
worms exposed to contaminated field samples from Campania.; Ffurther research on the 440 
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second/third worm generation will clarify if this parameter is also prognostic of negative 441 
effects at population level. 442 
 443 
5. Conclusion 444 
Overall, the biomarkers utilised in this study were able to reveal in E. andrei the toxic and 445 
genotoxic effects of even low levels (close to the Italian legal limits for contaminants in residential 446 
areas) of bioavailable pollutants in OECD as well as in natural soils. 447 
Multivariate statistical analysis proved to be a valuable additional tool for improving the 448 
interpretation of multi-biomarker results in exposed worms. In particular, multivariate statistics 449 
showed that the use of the selected parameters enabled us to distinguish between temporal and 450 
concentration factors of chemicals’ exposure as well as between different contaminated soils. 451 
Among the different parameters evaluated, diagnostic of a stress syndrome in the organisms, we 452 
have shown that LMS is a prognostic indicator for health of edaphic sentinel animals, such as 453 
earthworms. The approach described here will facilitate the validation, and further the new 454 
development of robust diagnostic and prognostic tools that can be used along with other chemical, 455 
ecotoxicological and ecological tools as indices of sustainability. 456 
 457 
Acknowledgements 458 
This study was supported financially by C.I.P.E. (Comitato Interministeriale per la Programmazione 459 
Economica) - Piemonte Region, Project Code C22 (R/02/16) and Irpa (ex Apat) research contract 460 
“Valutazione del rischio ecologico in siti ad elevato inquinamento della Regione Campania”. 461 
 462 
References 463 
20 
 
Adamowicz, A., 2005. Morphology and ultrastructure of the earthworm Dendrobaena veneta 464 
(Lumbricidae) coelomocytes. Tissue Cell. 37, 125-133. 465 
Allen, J.I., Moore, M.N., 2004. Environmental prognostics: is the current use of biomarkers 466 
appropriate for environmental risk evaluation. Mar. Environ. Res. 58, 227-232. 467 
Allison, A.C., Mallucci, L., 1964. Uptake of hydrocarbon carcinogens by lysosomes. Nature 203, 468 
1024-1027. 469 
Asensio, V., Rodríguez-Ruiz, A., Garmendia, L., Andre, J., Kille, P., Morgan, A.J., Soto, M., 470 
Marigómez, I., 2013. Towards an integrative soil health assessment strategy: A three tier 471 
(integrative biomarker response) approach with Eisenia fetida applied to soils subjected to 472 
chronic metal pollution. Sci. Total Environ. 442, 344-365. 473 
Astley, K.N., Meigh, H.C., Glegg, G.A., Braven, J., Depledge, M.H., 1999. Multi-variate Analysis 474 
of Biomarker Responses in Mytilus edulis and Carcinus maenas from the Tees Estuary 475 
(UK). Mar. Pollut. Bull. 39, 145-154. 476 
Baderna, D., Colombo, A., Amodei, G., Cantù, S., Teoldi, F., Cambria, F., Rotella, G., Natolino, F., 477 
Lodi, M., Benfenati, E., 2013. Chemical-based risk assessment and in vitro models of 478 
human health effects induced by organic pollutants in soils from the Olona Valley. Sci. 479 
Total Environ. 463-464, 790-801. 480 
Banni, M., Attig, H., Sforzini, S., Oliveri, C., Mignone, F., Boussetta, H., Viarengo, A., 2014. 481 
Transcriptomic responses to heat stress and nickel in the mussel Mytilus galloprovincialis. 482 
Aquat. Toxicol. 148, 104-112. 483 
Beliaeff, B., Burgeot, T., 2002. Integrated biomarker response: a useful tool for ecological risk 484 
assessment. Environ. Toxicol. Chem. 21, 1316-1322. 485 
Berghella, A.M., Contasta, I., Marulli, G., D'Innocenzo, C., Garofalo, F., Gizzi, F., Bartolomucci, 486 
M., Laglia, G., Valeri, M., Gizzi, M., Friscioni, M., Barone, M., Del Beato, T., Secinaro, E., 487 
21 
 
Pellegrini, P., 2014. Ageing gender-specific "Biomarkers of Homeostasis", to protect 488 
ourselves against the diseases of the old age. Immun. Ageing 11, 3. 489 
Bernet, D., Schmidt-Posthaus, H., Wahli, T., Burkhardt-Holm, P., 2000. Effects of wastewater on 490 
fish health: an integrated approach to biomarker responses in brown trout (Salmo trutta L.). 491 
J. Aquat. Ecosystem Stress Recovery 8, 143-151. 492 
Binelli, A., Cogni, D., Parolini, M., Riva, C., Provini, A., 2009. In vivo experiments for the 493 
evaluation of genotoxic and cytotoxic effects of Triclosan in Zebra mussel hemocytes. 494 
Aquat. Toxicol. 91, 238-244. 495 
Binelli, A., Cogni, D., Parolini, M., Provini, A., 2010. Multi-biomarker approach to investigate the 496 
state of contamination of the R. Lambro/R. Po confluence (Italy) by zebra mussel 497 
(Dreissena polymorpha). Chemosphere 79, 518-528. 498 
Bolognesi, C., Hayashi, M., 2011. Micronucleus assay in aquatic animals. Mutagenesis 26, 205-499 
213. 500 
Bouché, M.B., 1972. Lombriciens de France, Écologie et Systématique. I.N.R.A. Publ. Ann. Zool. 501 
Ecol. Anim. (no horse-serie) 72 (2), 671. 502 
Brenner, M., Broeg, K., Frickenhaus, S., Buck, B.H., Koehler, A., 2014. Multi-biomarker approach 503 
using the blue mussel (Mytilus edulis L.) to assess the quality of marine environments: 504 
season and habitat-related impacts. Mar. Environ. Res. 95, 13-27. 505 
Broeg, K., Zander, S., Diamant, A., Körting, W., Krüner, G., Paperna, I., Westernhagen, H., 1999. 506 
The use of fish metabolic, pathological and parasitological indices in pollution monitoring I. 507 
North Sea. Helgol. Mar. Res. 53, 171-194. 508 
Burgos, M.G., Winters, C., Stürzenbaum, S.R., Randerson, P.F., Kille, P., Morgan, A.J., 2005. Cu 509 
and Cd effects on the earthworm Lumbricus rubellus in the laboratory: multivariate 510 
statistical analysis of relationships between exposure, biomarkers, and ecologically relevant 511 
parameters. Environ. Sci. Technol. 39, 1757-1763. 512 
22 
 
Cajaraville, M.P., Bebianno, M.J., Blasco, J., Porte, C., Sarasquete, C., Viarengo, A., 2000. The use 513 
of biomarkers to assess the impact of pollution in coastal environments of the Iberian 514 
Peninsula: a practical approach. Sci. Total Environ. 247, 295-311. 515 
Cancio, I., ap Gwynn, I., Ireland, M.P., Cajaraville, M.P., 1995. The effect of sublethal exposure on 516 
the ultrastructure and on the distribution of acid phosphatase activity in chloragocytes of 517 
earthworms (Annelida, Oligochaeta). Histochem. J. 27, 965-973. 518 
Camus, L., Grøsvik, B.E., Børseth, J.F., Jones, M.B., Depledge, M.H., 2000. Stability of lysosomal 519 
and cell membranes in haemocytes of the common mussel (Mytilus edulis): effect of low 520 
temperatures. Mar. Environ. Res. 50, 325-329. 521 
Canesi, L., Ciacci, C., Lorusso, L.C., Betti, M., Guarnieri, T., Tavolari, S., Gallo, G., 2006. 522 
Immunomodulation by 17beta-estradiol in bivalve hemocytes. Am. J. Physiol. Regul. Integr. 523 
Comp. Physiol. 291, R664-R673. 524 
Caselli, F., Gastaldi, L., Gambi, N., Fabbri, E., 2006. In vitro characterization of cholinesterases in 525 
the earthworm Eisenia andrei. Comp. Biochem. Physiol. C 143, 416-421. 526 
Chatfield, C., Collins, A. J., 1980. Introduction to multivariate analysis. London: Chapman and 527 
Hall. 528 
Clarke, K.R., 1999. Nonmetric multivariate analysis in community-level ecotoxicology. Environ. 529 
Toxicol. Chem. 18, 117-127. 530 
Cooper, E.L., Roch, P., 2003. Earthworm immunity: a model of immune competence: The 7th 531 
international symposium on earthworm ecology - Cardiff - Wales - 2002. Pedobiologia 47, 532 
676-688. 533 
Dagnino, A., Allen, J.I., Moore, M.N., Broeg, K., Canesi, L., Viarengo, A., 2007. Development of 534 
an expert system for the integration of biomarker responses in mussels into an animal health 535 
index. Biomarkers 12, 155-172. 536 
23 
 
Dailianis, S., Domouhtsidou, G.P., Raftopoulou, E., Kaloyianni, M., Dimitriadis, V.K., 2003. 537 
Evaluation of neutral red retention assay, micronucleus test, acetylcholinesterase activity 538 
and a signal transduction molecule (cAMP) in tissues of Mytilus galloprovincialis (L.), in 539 
pollution monitoring. Mar. Environ. Res. 56, 443-470. 540 
Depledge, M.H., Amaral-Mendes, J.J., Daniel, B., Halbrook, R.S., Kloepper-Sams, P., Moore, 541 
M.N., Peakall, D.P., 1993. The conceptual basis of the biomarker approach, in Peakall, 542 
D.G., Shugart, L.R. (Eds.), Biomarkers - research and application in the assessment of 543 
environmental health. Springer, Berlin, Heidelberg, pp. 15-29. 544 
Dimitrova, N., Dimitrov, S., Georgieva, D., Van Gestel, C.A.M., Hankard, P., Spurgeon, D., Li, H., 545 
Mekenyan, O., 2010. Elimination kinetic model for organic chemicals in earthworms. Sci. 546 
Total Environ. 408, 3787-3793. 547 
Domouhtsidou, G.P., Dimitriadis, V.K., 2001. Lysosomal and lipid alterations in the digestive gland 548 
of mussels, Mytilus galloprovincialis (L.) as biomarkers of environmental stress. Environ. 549 
Pollut. 115, 123-137. 550 
Fenech, M., 2000. The in vitro micronucleus technique. Mutat. Res. 455, 81-95. 551 
Fischer, E., Molnár, L., 1992. Environmental aspects of the chloragogenous tissue of earthworms. 552 
Soil Biol. Biochem. 24, 1723-1727. 553 
Franzellitti, S., Viarengo, A., Dinelli, E., Fabbri, E., 2012. Molecular and cellular effects induced by 554 
hexavalent chromium in Mediterranean mussels. Aquat. Toxicol. 124-125, 125-132. 555 
Galloway, T.S., Brown, R.J., Browne, M.A., Dissanayake, A., Lowe, D., Jones, M.B., Depledge, 556 
M.H., 2004. A multibiomarker approach to environmental assessment. Environ. Sci. 557 
Technol. 38, 1723-1731. 558 
Garmendia, L., Soto, M., Ortiz-Zarragoitia, M., Orbea, A., Cajaraville, M.P., Marigómez, I., 2011. 559 
Application of a battery of biomarkers in mussel digestive gland to assess long-term effects 560 
24 
 
of the Prestige oil spill in Galicia and Bay of Biscay: correlation and multivariate analysis. J. 561 
Environ. Monit. 13, 933-942. 562 
Gastaldi, L., Ranzato, E., Caprì, F., Hankard, P., Pérès, G., Canesi, L., Viarengo, A., Pons, G., 563 
2007. Application of a biomarker battery for the evaluation of the sublethal effects of 564 
pollutants in the earthworm Eisenia andrei. Comp. Biochem. Physiol. C 146, 398-405. 565 
Gelboin, H.V., 1980. Benzo(a)pyrene metabolism, activation and carcinogenesis: role and 566 
regulation of mixed-function oxidases and related enzymes. Physiol. Rev. 60, 1107-1166. 567 
Guidi, P., Frenzilli, G., Benedetti, M., Bernardeschi, M., Falleni, A., Fattorini, D., Regoli, F., 568 
Scarcelli, V., Nigro, M., 2010. Antioxidant, genotoxic and lysosomal biomarkers in the 569 
freshwater bivalve (Unio pictorum) transplanted in a metal polluted river basin. Aquat. 570 
Toxicol. 100, 75-83. 571 
Hayashi, Y., Heckmann, L.-H., Simonsen, V., Scott-Fordsmand, J.J., 2013. Time-course profiling 572 
of molecular stress responses to silver nanoparticles in the earthworm Eisenia fetida. 573 
Ecotoxicol. Environ. Saf. 98, 219-226. 574 
Hauton, C., Hawkins, L.E., Hutchinson, S., 1998. The use of the neutral red retention assay to 575 
examine the effects of temperature and salinity on haemocytes of the European flat oyster 576 
Ostrea edulis (L.). Comp. Biochem. Phylsiol. 119, 619-623. 577 
Irigaray, P., Ogier, V., Jacquenet, S., Notet, V., Sibille, P., Méjean, L., Bihain, B.E., Yen, F.T., 578 
2006. Benzo[a]pyrene impairs β-adrenergic stimulation of adipose tissue lipolysis and 579 
causes weight gain in mice. A novel molecular mechanism of toxicity for a common food 580 
pollutant. FEBS J. 273, 1362-1372. 581 
ISPRA, 2012. Diossine, furani e policlorobifenili. Indagine ambientale nella Regione Campania. 582 
ISPRA, Quaderni - Laboratorio n. 1 / 2012, pp. 496. 583 
25 
 
Jenkins, M., Flynn, A., Smart, T., Harbron, C., Sabin, T., Ratnayake, J., Delmar, P., Herath, A., 584 
Jarvis, P., Matcham, J., 2011. A statistician's perspective on biomarkers in drug 585 
development. Pharm. Stat. 10, 494-507. 586 
Kalpaxis, D.L., Theos, C., Xaplanteri, M.A., Dinos, G.P., Catsiki, A.V., Leotsinidis, M., 2004. 587 
Biomonitoring of Gulf of Patras N. Peloponnesus, Greece. Application of a biomarker suite 588 
including evaluation of translation efficiency in Mytilus galloprovincialis cells. Environ. 589 
Res. 94, 211-220. 590 
Kirchin, M.A., Moore, M.N., Dean, R.T., Winston, G.W., 1992. The role of oxyradicals in 591 
intracellular proteolysis and toxicity in mussels. Mar. Environ. Res. 34, 315-320. 592 
Krishnakumar, P.K., Casillas, E., Varanasi, U., 1994. Effect of environmental contaminants on the 593 
health of Mytilus edulis from Puget Sound, Washington, USA. I Cytochemical measures of 594 
lysosomal responses in the digestive cells using automatic image analysis. Mar. Ecol. Prog. 595 
Ser. 106, 249-261. 596 
Köhler, A., 1991. Lysosomal perturbations in fish liver as indicator for toxic effects of 597 
environmental pollution. Comp. Biochem. Physiol. 100C, 123-127. 598 
Köhler, A., Wahl, E., Söffker, K., 2002. Functional and morphological changes of lysosomes as 599 
prognostic biomarkers of toxic liver injury in a marine flatfish (Platichthys flesus (L.)). 600 
Environ. Toxicol. Chem. 21, 2434-2444. 601 
Lin, P.-H., Lin, C.-H., Huang, C.-C., Chuang, M.-C., Lin, P., 2007. 2,3,7,8-Tetrachlorodibenzo-p-602 
dioxin (TCDD) induces oxidative stress, DNA strand breaks, and poly(ADP-ribose) 603 
polymerase-1 activation in human breast carcinoma cell lines. Toxicol. Lett. 172, 146-158. 604 
Lin, Y., Epstein, D.L., Liton, P.B., 2010. Intralysosomal iron induces lysosomal membrane 605 
permeabilization and cathepsin D-mediated cell death in trabecular meshwork cells exposed 606 
to oxidative stress. Invest. Ophthalmol. Vis. Sci. 51, 6483-6495. 607 
26 
 
Lowe, D.M., Pipe, R.K., 1994. Contaminant induced lysosomal membrane damage in marine 608 
mussel digestive cells: an in vitro study. Aquat. Toxicol. 30, 357-365. 609 
Lowe, D.M., Moore, M.N., Clarke, R.K., 1981. Effects of oil on digestive cells in mussels: 610 
quantitative alterations in cellular and lysosomal structure. Aquat. Toxicol. 1, 213-226. 611 
Lowe, D.M., Moore, M.N., Readman, J.W., 2006. Pathological reactions and recovery of 612 
hepatopancreatic digestive cells from the marine snail Littorina littorea following exposure 613 
to a polycyclic aromatic hydrocarbon. Mar. Environ. Res. 61, 457-470. 614 
Lüllman-Rauch, R., 1979. Drug-induced lysosomal storage disorders. Lysosomes in Biology and 615 
Pathology 6, pp. 49-130. 616 
Martínez, K., Abad, E., Rivera, J., 2006. Surveillance programme on dioxin levels in soils in the 617 
Campo de Gibraltar (Southwest Spain). Chemosphere 65, 382-389. 618 
Moore, M.N., 1976. Cytochemical demonstration of latency of lysosomal hydrolases in the 619 
digestive cells of the common mussel, Mytilus edulis, and changes induced by thermal 620 
stress. Cell Tissue Res. 175, 279-287. 621 
Moore, M.N., 1988. Cytochemical responses of the lysosomal system and NADPH-622 
ferrihemoprotein reductase in molluscan digestive cells to environmental and experimental 623 
exposure to xenobiotics. Mar. Ecol. Prog. Ser. 46, 81-89. 624 
Moore, M.N., 1990. Lysosomal cytochemistry in marine environmental monitoring. Histochem. J. 625 
22, 187-191. 626 
Moore, M.N., Depledge, M.H., Readman, J.W., Leonard, P., 2004. An integrated biomarker-based 627 
strategy for ecotoxicological evaluation of risk in environmental management. Mutat. Res. 628 
552, 247-268. 629 
Moore, M.N., Allen, J.I., McVeigh, A., 2006. Environmental prognostics: an integrated model 630 
supporting lysosomal stress responses as predictive biomarkers of animal health status. Mar. 631 
Environ. Res. 61, 278-304. 632 
27 
 
Moore, M.N., Koehler, A., Lowe, D., Viarengo, A., 2008. Lysosomes and autophagy in aquatic 633 
animals, in: Klionsky, D. (Ed.), Methods in Enzymology. Academic Press/Elsevier, 634 
Burlington, 451, pp. 582-620. 635 
Moore, M.N., Readman, J.A., Readman, J.W., Lowe, D.M., Frickers, P.E., Beesley, A., 2009. 636 
Lysosomal cytotoxicity of carbon nanoparticles in cells of the molluscan immune system: an 637 
in vitro study. Nanotoxicology 3, 40-45. 638 
Moore, M.N., Viarengo, A., Somerfield, P.J., Sforzini, S., 2012. Linking lysosomal biomarkers and 639 
ecotoxicological effects at higher biological levels, in: Amiard-Triquet, C., Amiard, J.C., 640 
Rainbow, P.S. (Eds.), Ecological Biomarkers: Indicators of Ecotoxicological Effects. CRC 641 
Press, Boca Raton, FL, pp. 107-130. 642 
Narbonne, J.-F., Daubèze, M., Clérendeau, C., Garrigues, P., 1999. Scale of classification based on 643 
biochemical markers in mussels: application to pollution monitoring in European coasts. 644 
Biomarkers 4, 415-424. 645 
OECD, 2004. Guideline for Testing of Chemicals. No. 222. Earthworm Reproduction Test (Eisenia 646 
fetida/andrei). Organization for Economic Cooperation and Development, Paris. 647 
Ortiz, A., Massy, Z.A., Fliser, D., Lindholm, B., Wiecek, A., Martínez-Castelao, A., Covic, A., 648 
Goldsmith, D., Süleymanlar, G., London, G.M., Zoccali, C., 2011. Clinical usefulness of 649 
novel prognostic biomarkers in patients on hemodialysis. Nat, Rev, Nephrol. 8, 141-150. 650 
Peakall, D.B., 1994. The role of biomarkers in environmental assessment (1). Introduction. 651 
Ecotoxicology 3, 157-160. 652 
Pipe, R.K., 1993. The generation of reactive oxygen metabolites by the haemocytes of the mussel 653 
Mytilus edulis. Dev. Comp. Immunol. 16, 111-122. 654 
Peeters-Joris, C., 2000. The lysosomes of earthworm chloragocytes: biochemical and morphological 655 
characterization. Comp. Biochem. Physiol. A 126, 323-340. 656 
28 
 
Prentø, P., 1987. Distribution of 20 enzymes in the midgut region of the earthworm, Lumbricus 657 
terrestris L., with particular emphasis on the physiological role of the chloragog tissue. 658 
Comp. Biochem. Physiol. A 87, 135-142. 659 
Regoli, F., 2000. Total oxyradical scavenging capacity (TOSC) in polluted and translocated 660 
mussels: a predictive biomarker of oxidative stress. Aquat. Toxicol. 50, 351-361. 661 
Ringwood, A.H., Hoguet, J., Keppler, C., Gielazyn, M., 2004. Linkages between cellular biomarker 662 
responses and reproductive success in oysters, Crassostrea virginica. Mar. Environ. Res. 58, 663 
151-155. 664 
Roméo, M., Bennani, N., Gnassia-Barelli, M., Lafaurie, M., Girard, J.P., 2000. Cadmium and 665 
copper display different responses towards oxidative stress in the kidney of the sea bass 666 
Dicentrarchus labrax. Aquat. Toxicol. 48, 185-194. 667 
Sanchez, W., Aït-Aïssa, S., Palluel, O., Ditche, J.M., Porcher, J.M., 2007. Preliminary investigation 668 
of multi-biomarker responses in three-spined stickleback (Gasterosteus aculeatus L.) 669 
sampled in contaminated streams. Ecotoxicology 16, 279-287. 670 
Santoyo, M.M., Flores, C.R., Torres, A.L., Wrobel, K., Wrobel, K., 2011. Global DNA methylation 671 
in earthworms: a candidate biomarker of epigenetic risks related to the presence of 672 
metals/metalloids in terrestrial environments. Environ. Pollut. 159, 2387-2392. 673 
Schiller, C.M., Adcock, C.M., Moore, R.A., Walden, R., 1985. Effect of 2,3,7,8-tetrachlorodibenzo-674 
p-dioxin (TCDD) and fasting on body weight and lipid parameters in rats. Toxicol. Appl. 675 
Pharmacol. 81, 356-361. 676 
Schmid, W., 1975. The micronucleus test. Mutat. Res. 31, 9-15. 677 
Scott-Fordsmand, J.J., Weeks, J.M., 2000. Biomarkers in earthworms. Rev. Environ. Contam. 678 
Toxicol. 165, 117-159. 679 
29 
 
Sforzini, S., Dagnino, A., Oliveri, L., Canesi, L., Viarengo, A., 2011. Effects of dioxin exposure in 680 
Eisenia andrei: integration of biomarker data by an Expert System to rank the development 681 
of pollutant-induced stress syndrome in earthworms. Chemosphere 85, 934-942. 682 
Sforzini, S., Boeri, M., Dagnino, A., Oliveri, L., Bolognesi, C., Viarengo, A., 2012. Genotoxicity 683 
assessment in Eisenia andrei coelomocytes: a study of the induction of DNA damage and 684 
micronuclei in earthworms exposed to B[a]P and TCDD-spiked soils. Mutat. Res. 746, 35-685 
41. 686 
Sforzini, S., Moore, M.N., Boeri, M., Benfenati, E., Colombo, A., Viarengo A., 2014. 687 
Immunofluorescence detection and localization of B[a]P and TCDD in earthworm tissues. 688 
Chemosphere 107, 282-289. 689 
Shaw, J.P., Dondero, F., Moore, M.N., Negri, A., Dagnino, A., Readman, J.W., Lowe, D.R., 690 
Frickers, P.E., Beesley, A., Thain, J.E., Viarengo, A., 2011. Integration of biochemical, 691 
histochemical and toxicogenomic indices for the assessment of health status of mussels from 692 
the Tamar Estuary, U.K. Marine Environ. Res. 72, 13-24. 693 
Sohaebuddin, S.K., Tang, L., 2013. A simple method to visualize and assess the integrity of 694 
lysosomal membrane in mammalian cells using a fluorescent dye. Methods Mol. Biol. 991, 695 
25-31. 696 
Spurgeon, D.J., Hopkin, S.P., 1999. Comparisons of metal accumulation and excretion kinetics in 697 
earthworms (Eisenia fetida) exposed to contaminated field and laboratory soils. Appl. Soil 698 
Ecol. 11, 227-243. 699 
Terman, A., Brunk, U.T., 2004. Lipofuscin. Int. J. Biochem. Cell. Biol. 36, 1400-1404. 700 
Turja, R., Höher, N., Snoeijs, P., Baršienė, J., Butrimavičienė, L., Kuznetsova, T., Kholodkevich, 701 
S.V., Devier, M.-H., Budzinski, H., Lehtonen, K.K., 2014. A multibiomarker approach to 702 
the assessment of pollution impacts in two Baltic Sea coastal areas in Sweden using caged 703 
mussels (Mytilus trossulus). Sci. Total Environ. 473-474, 398-409. 704 
30 
 
USEPA, 2009. Priority pollutants, Appendix A to 40 CFR, Part 423-126. US Environmental 705 
Protection Agency, Washington, DC. 706 
Valentín, L., Nousiainen, A., Mikkonen, A., 2013. Introduction to Organic Contaminants in Soil: 707 
Concepts and Risks, in: Vicent, T., Caminal, G., Eljarrat, E., Barceló, D. (Eds.), Emerging 708 
Organic Contaminants in Sludges: Analysis, Fate and Biological Treatment. Hdb Env. 709 
Chem., 24, pp. 1-30. 710 
van der Oost, R., Beyer, J., Vermeulen, N.P., 2003. Fish bioaccumulation and biomarkers in 711 
environmental risk assessment: a review. Environ. Toxicol. Pharmacol. 13, 57-149. 712 
Viarengo, A., 1989. Heavy metals in marine invertebrates: mechanisms of regulation and toxicity at 713 
the cellular level. Rev. Aquat. Sci. 1, 295-317. 714 
Viarengo, A., Nott, J.A., 1993. Mechanisms of heavy metal cation homeostasis in marine 715 
invertebrates. Comp. Biochem. Physiol. C104, 355-372. 716 
Viarengo, A., Moore, M.N., Pertica, M., Mancinelli, G., Zanicchi, G., Pipe, R.K., 1985. 717 
Detoxification of copper in the cells of the digestive gland of mussel: the role of lysosomes 718 
and thioneins. Sci. Tot. Environ. 44, 135-145. 719 
Viarengo, A., Moore, M.N., Mancinelli, G., Mazzucotelli, A., Pipe, R.K., Farrar, S.V., 1987. 720 
Metallothioneins and lysosomes in metal toxicity and accumulation in marine mussels: the 721 
effect of cadmium in the presence and absence of phenanthrene. Mar. Biol. 94, 251-257. 722 
Viarengo, A., Burlando, B., Giordana, A., Bolognesi, C., Gabrielides, G.P., 2000. Networking and 723 
expert-system analysis: next frontier in biomonitoring. Mar. Environ. Res. 49, 483-486. 724 
Viarengo, A., Dondero, F., Pampanin, D.M., Fabbri, R., Poggi, E., Malizia, M., Bolognesi, C., 725 
Perrone, E., Gollo, E., Cossa, G.P., 2007a. A biomonitoring study assessing the residual 726 
biological effects of pollution caused by the HAVEN wreck on marine organisms in the 727 
Ligurian Sea (Italy). Arch. Environ. Contam. Toxicol. 53, 607-616. 728 
31 
 
Viarengo, A., Lowe, D., Bolognesi, C., Fabbri, E., Koehler, A., 2007b. The use of biomarkers in 729 
biomonitoring: A 2-tier approach assessing the level of pollutant-induced stress syndrome in 730 
sentinel organisms. Comp. Biochem. Physiol. C 146, 281-300. 731 
Ville, P., Roch, P., Cooper, E.L., Masson, P., Narbonne, J.F., 1995. PCBs increase molecular-732 
related activities (lysozyme, antibacterial, hemolysis, proteases) but inhibit macrophage-733 
related functions (phagocytosis, wound healing) in earthworms. J. Invertebr. Pathol. 65, 734 
217-24. 735 
Wang, Z., Chen, J., Yang, P., Qiao, X., Tian, F., 2007. Polycyclic aromatic hydrocarbons in Dalian 736 
soils: distribution and toxicity assessment. J. Environ. Monit. 9, 199-204. 737 
Weeks, J.M., Svendsen, C., 1996. Neutral red retention by lysosomes from earthworm (Lumbricus 738 
rubellus) coelomocytes: a simple biomarker of exposure to soil copper. Environ. Toxicol. 739 
Chem. 15, 1801-1805. 740 
Winzer, K., Van Noorden, C.J.F, Köhler, A., 2002. Sex-specific biotransformation and 741 
detoxification after xenobiotic exposure of primary cultured hepatocytes of European 742 
flounder (Platichthys flesus L.). Aquat. Toxicol. 59, 17-33. 743 
Yang, X., Song, Y., Kai, J., Cao, X., 2012. Enzymatic biomarkers of earthworms Eisenia fetida in 744 
response to individual and combined cadmium and pyrene. Ecotoxicol. Environ. Saf. 86, 745 
162-167. 746 
747 
32 
 
Fig. 1. Biomarker responses in E. andrei after exposure of worms for 10 d (grey columns) and 28 d 748 
(black columns) to different concentrations of B[a]P and TCDD spiked in OECD soil. A, B) 749 
Lysosomal membrane stability; C, D) lipofuscin content; E, F) neutral lipid accumulation; G, H) 750 
lysosomal/cytoplasmic volume ratio. Data, expressed as percent change with respect to control 751 
values, represent the mean ± SD of at least five replicates. * indicates statistically significant 752 
differences (p < 0.05 Mann-Whitney U-test). 753 
 754 
Fig. 2. Biomarker responses in E. andrei after exposure of worms for 10 d to soils collected from 755 
different areas in Campania region (Italy). A) Lysosomal membrane stability in the cells of 756 
chloragogenous tissue (based on latency of β-N-acetylhexosaminidase); B) lipofuscin content; C) 757 
neutral lipid accumulation; D) lysosomal/cytoplasmic volume ratio; E) micronuclei frequency. 758 
Data, expressed as percent change with respect to control values, represent the mean ± SD of at 759 
least five replicates. * indicates statistically significant differences (p < 0.05 Mann-Whitney U-test). 760 
 761 
Fig. 3. Principal Component Analysis (PCA) with superimposed Cluster Analysis showing 762 
Resemblance Levels (distance), and vectors for the individual biomarkers. 763 
 764 
Fig. 4. Regressions for B[a]P, TCDD and Campania data with correlation coefficients below each 765 
set of plots. *Critical values for the Correlation coefficients are r = 0.381 for P = 0.05 (Campania), 766 
and r = 0.349 for P = 0.05 (B[a]P and dioxin). 767 
 768 
Fig. 5. Lysosomal membrane stability as an integrated indicator of health plotted against the first 769 
principal component eigenvectors (PC 1) for all the remaining cellular biomarkers. The data has 770 
been log transformed and normalised; and open triangles shown on the B[a]P plot are outliers not 771 
included in the analysis. 772 
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